When Azotobacter vinelandii was grown in the presence of low levels of iron, the addition of 20 or 40 ,uM ZnSO4 caused earlier production of the catechol siderophores and a dramatic increase in the amount of azotobactin. The level of cellular iron was not significantly lowered in Zn2+-grown cells, which suggested that Zn2+ was not causing more severe, or earlier, iron limitation. Also, Zn2+ did not appear to affect production of the high-molecular-weight outer membrane iron-repressible proteins that presumably function as ferrisiderophore receptors. Spectrophotometric examination of ion binding to the siderophores revealed that while the siderophores appeared to bind Zn2+, only in the case of azotochelin was iron unable to completely overcome any Zn2+-induced changes in the absorption spectra. This appeared to rule out direct competition of Zn2+ with iron for binding to the siderophores. 55Fe uptake was depressed both in Zn2 -grown cells and in Zn2 -free cells to which Zn2+ was added during the uptake assay, except with azotobactin, with which the level of 55Fe uptake by Zn2+-grown cells was close to control levels. These results suggested two possible sites where Zn2+ could be acting, one involving the biosynthesis of siderophores and possibly the genetic regulation of the iron assimilation system and the other involving an internal point common to iron assimilation by both high-and low-affinity iron uptake.
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The involvement of iron in many biological processes such as respiration and DNA synthesis make it an essential element for almost all life forms (34) . However, even though iron is the fourth most abundant element in the earth's crust, it is essentially unavailable to aerobic organisms because of its tendency to form insoluble ferric hydroxides and oxyhydroxides at neutral pH (33) . Microbial response to this iron limitation involves the production of high-affinity ironchelating compounds known as siderophores. The absence of available iron causes siderophore production to be derepressed, and this is followed by excretion of the siderophores into the extracellular environment where they act to chelate and solubilize the iron essential for growth (20) . The ferrisiderophores are assimilated by the cells via specific membrane receptors (21) , and the bound iron is released inside the cell by an enzymatic system which either reduces the iron to Fe2+ or degrades the ferrisiderophore (8) . Lowaffinity uptake systems serve to provide iron to the cell under iron-sufficient conditions, when siderophore production is repressed (22) .
Azotobacter iinelandii, a gram-negative, nitrogen-fixing obligate aerobe commonly found in soil, produces three siderophores: a yellow-green fluorescent peptide called azotobactin (10) ; azotochelin [2-N,6-N,di(2,3-dihydroxybenzoyl)-L-lysine] (7); and the recently described siderophore, aminochelin (28) . In addition to these, 2,3-dihydroxybenzoic acid (2,3-DHBA) is produced constitutively and may function in low-affinity iron uptake (25) . Although these compounds are produced in response to iron limitation, there are many other metal ions found in the natural environment of the organism which could potentially have an effect on iron assimilation or could interact with the iron-binding ligands. For example, the siderophore schizokinen produced by Anabaena spp. and Bacilluts megateriuin binds copper, resulting in decreased copper toxicity in Anabaena spp. and increased toxicity in B. inegateriuim (6) . Mvcobacterium * Corresponding author.
sinegmatis requires zinc and manganese in addition to iron in order to produce maximal amounts of mycobactin (30) .
When Ustilago sphaerogena is grown in the presence of high levels of cobalt ions, high levels of ferrichromes accumulate in the cells, an effect which is completely reversed by zinc ions (17) . Production of siderophores by Pseuidomonasfluiorescens has been found to be affected by a variety of ions including Zn 2 and Mn 2 which, in contrast to the other ions examined, caused increased siderophore production (2, 5). The addition of low levels of Zn2+ to iron-limited cultures of B. Inegateriuml caused a significant increase in the yield of schizokinen (4) . And, although siderophore production was not specifically examined, it was noted that small amounts of Zn" ' were able to exaggerate the effects of extreme iron deficiency in Escherichia coli (31) . In the present study, we investigated the observation (M. Huyer and W. J. Page, Abstr. Annu. Meet. Am. Soc. Microbiol. 1988, 160, p. 191 ) that the addition of Zn 2 tto cultures of A. iinelandii grown with low levels of iron caused increased production of all the siderophores, with azotobactin showing the most dramatic increase.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The capsule-negative strain UW of A. i'nelandii OP was maintained at 30°C on slants of iron-sufficient Burk medium (26) spectrophotometer. Levels of total catechols were estimated from the A310 (25), with purified 2,3-DHBA in iron-limited Burk medium (pH 1.8) as a standard. A380 was used to estimate the levels of azotobactin in culture supernatants by using the known extinction coefficient (14) . Extraction of the acidified culture supernatant with ethyl acetate (7) separated azotochelin and 2,3-DHBA from aminochelin, allowing the relative quantities of these catechols to be determined (28) .
The A. vinelandii siderophores azotochelin, azotobactin, and aminochelin were purified as previously described (7, 16, 28 (25) . Samples containing 20 pLg of membrane protein were boiled for 5 min in sample buffer containing 2% sodium dodecyl sulfate (SDS), 8% (vol/vol) glycerol, and 5% Imercaptoethanol in 62.5 mM Tris hydrochloride (pH 6.8) before application to the gel. SDS-polyacrylamide gel electrophoresis was carried out by the method of Laemmli (18) . Slab gels 1.5 mm thick were formed in a Bio-Rad model 520 electrophoresis cell and were run at 12 to 15 mA through the 5% stacking gel and at 24 to 30 mA through the 10% separating gel at room temperature. The protein bands were stained with Coomassie blue in isopropanol-acetic acid as described by Fairbanks et al. (13) . The proteins used as molecular weight standards were phosphorylase A (94,000), bovine serum albumin (68,000), immunoglobulin G heavy chain (50,000), ovalbumin (43,000), immunoglobulin G light chain (23, 000) , and RNase (13,700). 55Fe uptake assay. Iron-limited Burk medium without glucose used in the preparation of uptake medium was autoclaved, allowed to stand for 1 week, and then filtered through a 0.8-p.m-pore-size membrane filter (Millipore Corp.) the day before use to remove insoluble salts. Glucose was added to 0.5%, and trisodium citrate was added to 10 mM. Cells were incubated for 16.5 h as described above and harvested by centrifugation. Cultures grown in the presence of minerals were held static for 10 min prior to harvesting to allow the minerals to settle out (24) . Cell pellets were washed twice with uptake medium at 4°C, resuspended to an optical density at 620 nm of approximately 9.0 in uptake medium, and held on ice prior to use. Culture supernatants used in 55Fe uptake assays were filtered through a 0.45-,um-pore-size Millipore filter and supplemented with 0.5% glucose and 10 mM trisodium citrate. Prior to use in 55Fe uptake assays, all purified siderophores were diluted to desired levels with uptake medium. ZnSO4 was added to selected uptake solutions to a final concentration of 40 p.M. The 55FeC13 (1 mCi/ml in 0. tially repressed). In all instances, except when cells were grown with glauconite, increased production of azotobactin was concomitant with the presence of Zn2+ (Fig. 1) . Production of catechols also increased in the presence of Zn2+, except when the iron source was micaceous hematite. In that instance, the production of catechols appeared to be at a maximal level and could not be increased further. Increased production of siderophores in the presence of Zn2+ during growth of A. vinelandii, under the iron-limited conditions provided by the presence of minerals, was most dramatically evident with pyrite: azotobactin was not produced in the absence of Zn2+ but was produced in its presence (Table 1 and Fig. 1 ). The ratio of azotochelin to aminochelin to 2,3-DHBA in the catechol fraction remained the same regardless of the presence of Zn2+ (data not shown). Page and von Tigerstrom (28) suggested that A. vinelandii has two siderophore regulons, affected by iron availability, which direct the production of azotobactin and the catechol-type siderophores. Since Zn2+ appeared to have a similar effect on the production of both classes of siderophores, this suggested that Zn2+ could have a similar effect on both regulons or could be acting at some other point in the iron uptake system which might be common to both groups of siderophores.
Growth During the growth of a culture containing 2 FLM ferric citrate, the production of catechol-type siderophores began much earlier in the presence of 40 FM ZnSO4 than in the absence of Zn 2 t, although by the time the cultures reached the end of the exponential growth phase the total levels of catechols in the two cultures were comparable (Fig. 2) . Similarly, azotobactin was hyperproduced in the presence of Zn2+. However, the amount of cellular iron remained essentially parallel with that in the control culture over the entire growth period. The early production of catechol siderophores and azotobactin occurred at cellular iron/protein ratios that were not characteristic of iron-starved cells.
Therefore, zinc did not appear to cause more severe iron limitation or earlier iron limitation, both of which were possible explanations for the increased production of siderophores.
ETect of Zn2+ on iron-repressible outer membrane proteins. Iron-repressible outer membrane proteins, which on SDS-polyacrylamide gels exhibited molecular weights of 93,000, 85,000, 81,000, and 77a 000 (Fig. 3A and B) ( are presumed to be ferrisiderophore receptors and have been previously described for A. tinelandii (24, 25, 27 did not result in a decrease in the production of these high-molecular-weight outer membrane proteins (Fig. 3A and B). In fact, cultures grown in the presence of Zn2 2 appeared to produce greater amounts of these iron-repressible proteins, a result consistent with the concomitant increase in siderophore production. The normal expression of these proteins in A. vinelandii cultures containing Zn 2 suggested that the increased levels of siderophore production was not due to Zn2 -mediated repression of putative receptors.
SDS-polyacr-ylamide gel electrophoresis of outer mem-
branes from cultures grown in the presence of 0 to 50 p.M ZnSO4 revealed that correspondingly increasing amounts of the 60,000-molecular-weight surface protein (60K surface protein) (3) remained associated with the outer membrane (Fig. 3B3) . This appeared to be analogous to the results obtained during growth of A. v,inelaindii in the presence of excess iron, wherein the iron was thought to form a complex with the surface layer protein (25) , thus promoting a continued association of the surface layer with the outer membrane during sarcosyl extraction. The association of the Zn 2-ions with the cell surface was consistent with the role of this layer in cation binding (11) . Zn 2 also appeared to affect the presence of a protein with a molecular weight of approximately 45,000 which was not iron repressible; however, this effect was not always observed ( Fig. 3A and B) .
Ion binding to siderophores. Another possible explanation for the observed increased production of siderophores during growth in the presence of Zn 2 was that the zinc ions were binding competitively with iron to the siderophores, necessitating increased siderophore production to obtain equivalent levels of iron. Characteristic changes in the wavelength of maximum absorbance of the siderophores were seen upon the addition of Fe"~, Fe 2 , and Zn 2 ( Fe3+ alone (Fig. 4A ). There also appeared to be a similar, if less dramatic, effect when Fe3+ was added to aminochelin that had been preincubated with Zn2+. The results presented above suggested that although the siderophores appeared to bind Zn2+, they preferentially bound iron. Of all the siderophores, azotochelin seemed to have the greatest affinity for Zn2+, as evidenced by the inability of Fe3+ to completely overcome the Zn2+-induced changes in the absorption spectrum ( Fig. 4A and B) . However, A. vinelandii normally produces three siderophores in vast excess of that needed for iron uptake (28) , and it seemed unlikely that Zn2+ bound to azotochelin could so severely affect iron uptake as to necessitate further hyperproduction of the siderophores. 55Fe uptake assays. s5Fe uptake experiments were performed with cells grown in the presence of olivine. The use of mineral-grown cells introduced the possibility that the assay might be affected by release of unlabeled iron from the cell surface or by contaminating mineral. However, as previously shown (24), washing the cells twice with uptake medium containing 10 mM sodium citrate was sufficient to prevent any significant solubilization of unlabeled iron from the cell surface during the assay.
The addition of 40 ,uM Zn2+ to uptake solutions caused an approximately 60% decrease in s5Fe uptake by A. vinelandii that had been pregrown with olivine ( (29, 32) and washing the cells with citrate prior to the 5sFe uptake assay removes cell-bound iron (24) , there should be little cell-bound Zn2+ to interfere with the assay. Interestingly, the increased amount of the 60K surface protein that remained associated with the outer membrane during sarcosyl extraction of Zn2'-grown cells (Fig. 3A and B) was not seen with ' Maximum 55Fe uptake arbitrarily chosen as that by Zn2-'-free cells with each Zn2+-free uptake solution.
( Table 3 ). It seemed, therefore, that Zn2+ had an immediate, depressive effect on iron uptake, but when A. Xinelandii was grown in the presence of Zn2', azotobactin-mediated iron uptake was able to adapt to the presence of this metal ion and thus could overcome the repressive effects.
The production of azotobactin is tightly controlled by the level of available iron and is repressed at a much lower iron concentration than that required to repress synthesis of azotochelin and aminochelin (25) . This suggests that the regulation of azotobactin synthesis may be separate from the regulation of production of the catechol-type siderophores.
In E. coli, the fiu-gene product has been identified as a negative regulator of expression of siderophore-mediated iron assimilation (1, 15 vinelandii, it is possible that Zn2+ may have a disruptive effect on the regulation of siderophore synthesis.
Another possible site of action of Zn2 1 involves the process of iron uptake. The immediate effect of Zn2' on both high-and low-affinity 55Fe uptake in A. v'inelandii could be explained if there was a point in the pathway of iron assimilation, common to both high-and low-affinity uptake, that was inhibited by Zn2 + . Azotobactin possibly overcame this inhibition by utilizing an alternate point of entry which was not available to the other components of the iron assimilation system and which was less sensitive to Zn2 t inhibition. Work is continuing to determine the exact site, or sites, in the iron assimilation system of A. v'inelandii which is affected by Zn2 .
